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Introduction {#sec1}
============

Maternal gestational physiology and environment have a major influence on offspring brain development and function ([@bib73]). It is well established that stress, infection, and malnutrition during pregnancy contribute, via transplacental mechanisms, to the development of cognitive, emotional, reward, and social abnormalities in the progeny, including anxiety, depression, schizophrenia, and autism spectrum disorders ([@bib57]; [@bib35]; [@bib31]; [@bib66]; [@bib1]; [@bib13]; [@bib81]; [@bib4]; [@bib52]; [@bib58]; [@bib69]; [@bib62]; [@bib19]). Maternal effects during the postpartum period, given the length and intricacy of mother-infant interaction, are equally important in both human and other mammals. In particular, maternal influences are important for functions that develop during the early postnatal period, such as attention, executive functions, and social behavior ([@bib15]).

Maternal programming of offspring behavior during the postpartum period in rodents has primarily been focused on the effect of maternal care. Over two decades ago, maternal care was identified as a major influence on the cognitive performance and overall anxiety of the adult offspring ([@bib48], [@bib47]; [@bib54]; [@bib79]). However, maternal care may not be the only postnatal mechanism influencing adult offspring behavior. For example, breastmilk provides not only nutrients but also a plethora of biologically active compounds, including cytokines and growth factors ([@bib26]; [@bib32]; [@bib82]) that, via gut-brain communication ([@bib59]; [@bib29]; [@bib30]), may influence brain development and behavior ([@bib76]; [@bib51], [@bib50]). Indeed, some studies suggested the beneficial effect of breastfeeding over formula on the cognitive and emotional development of full and preterm infants ([@bib51]; [@bib23]; [@bib43]; [@bib80]). However, given the design limitations of human studies, disentangling possible behavioral effects of milk bioactive compounds from socioeconomic and demographic confounds is difficult, if not impossible. Animal experiments allow causative studies, and we previously reported that reducing the levels of tumor necrosis factor (TNF)-α-regulated proinflammatory cytokines in the breast milk of dams improves the cognitive performance of their offspring ([@bib46]). We now asked if the concept of milk cytokine-mediated (lactocrine) programming of behavior can be extended to more physiological situations and beyond a TNF-α-specific mechanism.

As voluntary wheel running approximates activity in the real world and is known to suppress the production of proinflammatory cytokines ([@bib33]), here we tested if voluntary exercise of mothers during the lactation period results in improved adult cognitive, emotional, and social behaviors in the otherwise sedentary offspring. Although the beneficial effects of exercise on fitness and brain health have been extensively studied ([@bib20]; [@bib41]), only a few studies have investigated the intergenerational effect of maternal exercise. Voluntary wheel running during gestation was reported to increase offspring neurogenesis at birth and activity during adulthood ([@bib27]; [@bib9]). However, it is not known if exercise, strictly during the postpartum period, has an influence on offspring behavior. A further motivation for selecting exercise as a maternal factor to study offspring outcomes was that physical activity is no longer a necessity in daily life and thus sedentary lifestyle of mothers may affect a substantial proportion of the population. Here we report that maternal exercise during the postpartum period, by altering the cytokine composition of the breastmilk, affects offspring social dominance, a behavior highly relevant to the individual\'s survival and reproduction.

Results {#sec2}
=======

Voluntary Wheel Running of Mothers during the Lactating Period Increases the Social Dominance of the Male Offspring {#sec2.1}
-------------------------------------------------------------------------------------------------------------------

C57BL/6Tac females, raised and kept in standard (sedentary) cages, were mated, and 2 days after delivery, they were randomly transferred with their pups to cages with running wheels or to standard (sedentary) cages ([Figure 1](#fig1){ref-type="fig"}A). Maternal exercise was limited to the lactating period (i.e., no running wheel during gestation). Offspring of running mothers (Run) and offspring of sedentary mothers (Sed) were weaned at day 21 and housed in standard cages separately in groups of 3--5 until behavioral testing at 12--15 weeks of age. Thus all offspring, whether Run or Sed, were kept under sedentary conditions. Mothers readily used the wheels, primarily during the dark period, running an average of 3,164.48 m per dark period and only 98.73 m during the light period, consistent with the nocturnal circadian rhythm of rodents. During the "low activity" light period, maternal care, as assessed by several endpoints that included the two major postures arched back nursing (ABN) and licking/grooming (LG) ([Figure 1](#fig1){ref-type="fig"}B), was high and comparable between running and sedentary mothers. ABN and LG are fundamentally important in the proper behavioral and neuroendocrine development of murine offspring ([@bib48]; [@bib28]). During the dark period, maternal care, in particular ABN, of both runner and sedentary mothers was significantly reduced and was comparable between the two groups. In addition, we assessed possible changes in the quantity of maternal care ([@bib5]) but found no difference in "maternal absence" (OP = off the pups, [Figure 1](#fig1){ref-type="fig"}B) between runner and sedentary mothers. This suggests that the time sedentary mothers normally spend away from the pups is used for exercise by the running mothers. Furthermore, maternal running may cause fragmented care, resulting in later life anxiety and stress sensitivity ([@bib5]). However, anxiety-like behavior of the Run offspring was comparable to that of the Sed offspring ([Figure 2](#fig2){ref-type="fig"}I), and maternal running did not increase the vulnerability of the offspring to chronic social defeat stress (CSDS) ([Figure S1](#mmc1){ref-type="supplementary-material"}). Finally, average litter size and pup survival (from the beginning of maternal running at P2 to weaning at P21), and postnatal weight gain (between P2 and P56) of the Run and Sed offspring were comparable ([Figures 1](#fig1){ref-type="fig"}C and 1D), indicating that nourishment of pups and their development were not disrupted by maternal running and/or the presence of the running wheel.Figure 1Females Extensively Use the Running Wheel Postpartum, but Postpartum Running Does Not Affect Maternal Care and the Survival and Physical Development of the Offspring(A) Experimental design to generate Run and Sed offspring and to assess situational and hierarchical dominance in the tube test.(B) High maternal care, in particular ABN, during the light period. Averages of various maternal care-related behaviors, measured at postnatal day (P) 3, 5, 7, 9, 11, 13, and 15 are displayed. L/G, licking/grooming; ABN, arched back nursing; BP, blanket posture; PP, passive posture; OP, off the pups. No overall effect of maternal activity (Run versus Sed) and no difference between runner and sedentary mother\'s individual care behaviors. Three-way ANOVA. Main effect of maternal activity, F(1,45) = 0.416, p = 0.522, Interaction between maternal activity × maternal care behavior, F(4,45) = 1.325, p = 0.275, N = 5 (Run mother), 6 (Sed mother). No significant difference in individual care behaviors after correction for multiple testing; e.g., dark phase ABN runner versus ABN sedentary p = 0.2118.(C) Pup survival was not impacted by maternal running. Two-way ANOVA. Repeated measures. Main effect of groups: F(1,13) = 2.452, p = 0.141. N = 8 (Run), 7 (Sed).(D) Weight gain during the postnatal (days 3--21) and juvenile/adolescent (days 21--56) periods was comparable in the Run and Sed groups. Two-way ANOVA. Main effect of groups: Females, F(1,157) = 0.205, p = 0.652. N = 14 (Run), 15 (Sed). Males, F(1,163) = 0.963, p = 0.328. N = 14 (Run), 20 (Sed). Data are represented as mean ± SEM.Figure 2Maternal Postpartum Running Increases the Tube Test Dominance of Their Offspring(A) Run male offspring had higher Clutton Brock index (CBI) in the tube test, reflecting their dominance over Sed mice. Small circles signify individual offspring values. t test, t(41) = 4.693, ∗p \< 0.0001, N = 16 (Run), 27 (Sed). Large black circles denote litter averages, t(14) = 2.994, ∗p = 0.0097, N = 7 (Run), 9 (Sed).(B) Run female offspring had similar CBI as their Sed counterparts, suggesting no effect of maternal postpartum running on female social dominance in the tube test. Small circles signify individual offspring values, t test, t(14) = 0.544, p = 0.5947, N = 8 (Run), 8 (Sed). Large black circles denote litter averages, t(11) = 0.774, p = 0.4555, N = 8 (Run), 5 (Sed).(C) Male offspring raised by mothers with access to a locked wheel showed CBI dominance score similar to that of Sed offspring. Small circles signify individual offspring values, t test, t(14) = 0.812, p = 0.4303, N = 8 (Fixed wheel), 8 (Sed). Large black circles denote litter averages, t(8) = 0.936, p = 0.3768, N = 5 (Fixed), 5 (Sed).(D) Adult running for 4 weeks does not increase social dominance in the tube test (based on the number of offspring because running applies to individual adult animals), t test, t(18) = 0.335, p = 0.7415, N = 10 (Sed), 10 (Sed with running wheels).(E and F) Run male offspring were not different from Sed mice in (E) territorial marking and (F) aggression. Territorial behavior: small circles signify individual offspring values, t test, t(41) = 1.629, p = 0.111, N = 24 (Run), 19 (Sed); large black circles denote litter averages, t(18) = 1.3, p = 0.2101, N = 11 (Run), 9 (Sed). Aggression: offspring, t test, t(29) = 0.7589, p = 0.4541, N = 18 (Run), 13 (Sed); litter, t(8) = 0.5164, p = 0.6195, N = 6 (Run), 4 (Sed).(G) Maternal postpartum running has no effect on offspring affiliative behavior in the three-chamber test. Run and Sed male offspring had a comparable preference for a caged male stranger over an empty cage. Small circles signify individual offspring values, two-way ANOVA, effect of stranger, F(1,46) = 23.630, ∗p \< 0.0001, N = 14 (Run), 11 (Sed). Large black circles denote litter averages, effect of stranger, F(1,22) = 20.82, ∗p = 0.0002, N = 7 (Run), 6 (Sed).(H) Increased restraint stress-induced serum corticosterone levels in Run male offspring at 30 and 60 min after a 10-min restraint stress. Two-way ANOVA, N = 5 (Run), 5 (Sed), post-hoc, Sidak\'s multiple comparison correction, ∗p = 0.0184, time 60 min ∗p = 0.0198.(I) Maternal postpartum running does not alter the innate fear/anxiety-like behavior of male offspring. Run and Sed offspring spent comparable time in the open arm of the elevated plus maze indicating that Run males do not perceive the open arm more aversive and anxiety-inducing than Sed males. t test; small circles denote offspring values, t(38) = 1.4, p = 0.3105 (p-adjusted based on Holm-Sidak method), N = 20 (Run), 20 (Sed); large black circles denote litter averages, t(11) = 1.411, p = 0.4606 (p-adjusted based on Holm-Sidak method), N = 6 (Run), 7 (Sed).(J) Run and Sed offspring covered similar total distances in the elevated plus maze. t test; offspring t(38) = 0.868, p = 0.391 (p-adjusted based on Holm-Sidak method), N = 20 (Run), 20 (Sed); litter, t(11) = 0.9546, p = 0.4606 (p-adjusted based on Holm-Sidak method), N = 6 (Run), 7 (Sed). Data represented as mean ± SEM.

To assess the consequences of maternal postpartum physical activity on offspring behavioral fitness, 12- to 15-week-old Run and Sed offspring were assessed in a behavioral test battery. We tested two to three randomly selected offspring from each mother and performed both offspring and litter-based comparisons. We found no effect of maternal postpartum exercise on offspring locomotor activity and cognitive (spatial memory) and emotional (anxiety-like) behavior ([Figures 2](#fig2){ref-type="fig"}I, 2J, [5](#fig5){ref-type="fig"}C, and 5D), but noticed differences in social dominance, assessed as "winning" or "losing" in direct competition in a narrow tube, i.e., in tube test ([@bib44]). As [Figure 1](#fig1){ref-type="fig"}A shows, social dominance has two basic forms, "hierarchical dominance," when mice kept together in a cage establish social dominance hierarchy, and "situational dominance," when two individuals with no prior experience of each other\'s ability to dominate compete ([@bib72]; [@bib77]). Rank in hierarchical dominance reflects prior intra-cage winning and losing ([@bib83]), whereas dominance between strangers is based on signals that correlate with an individual\'s fighting ability ([@bib37]). Although most research focused on hierarchical dominance between cage mates, situational dominance between stranger mice is ecologically more relevant. Wild mice live in territories inhabited by one adult male, several females, and their offspring ([@bib40]). Although laboratory mice have been bred for many generations, studies indicate that they continue to exhibit wild-type behaviors under naturalistic conditions ([@bib40]). As the outcome of tube test competition between strangers could be influenced by the individuals\' hierarchical rank within their own group, we randomly selected two to three individuals from Run and Sed cages for testing ([Figure 1](#fig1){ref-type="fig"}A). To minimize prior experience of winning or losing in the tube test, all mice were naive. As [Figure 2](#fig2){ref-type="fig"}A shows, Run offspring exhibited increased male-to-male social dominance in direct pairwise competitions with unfamiliar and age- and weight-matched Sed offspring (Run versus Sed offspring t(41) = 4.693, ∗p \< 0.0001). Of note, individuals participated in only two to three competitions and their wins were weighed according to the wins of their contestants ([@bib17]). Tube test dominance of Run offspring was still present when litter (instead of offspring) dominance scores were compared (Run versus Sed litters t(14) = 2.994, p = 0.001), indicating no "litter effects," such as differences in prenatal environment and litter size, on behavior. In contrast to males, dominance of females in tube test was not influenced by maternal postpartum activity (Run versus Sed offspring t(14) = 0.544, p = 0.595; Run versus Sed litters t(11) = 0.774, p = 0.455), indicating that maternal programming of offspring tube test dominance is male specific ([Figure 2](#fig2){ref-type="fig"}B). Male offspring dominance was not enhanced by the mother when the running wheel was locked during the entire postpartum period (offspring t(14) = 0.812, p = 0.430; litter t(8) = 0.936, p = 0.377), demonstrating that achieving higher dominance is due to maternal exercise, rather than due to the more complex environment in the presence of a wheel ([Figure 2](#fig2){ref-type="fig"}C). Finally, wheel running for 4 weeks in adulthood did not increase the dominance of Sed males in the tube test (t(18) = 0.335, p = 0.740), indicating that the low social rank of Sed males, relative to Run males, cannot be improved by physical activity later in life ([Figure 2](#fig2){ref-type="fig"}D).

Another expression of dominance is territorial marking, a strategy to protect critical resources in particular when population density is reduced ([@bib12]; [@bib24]). Territorial dominance was assessed in the urine scent marking test ([@bib78]; [@bib3]; [@bib24]). Run and Sed males did not differ in territorial marking behavior (offspring t(41) = 1.629, p = 0.111; litter t(18) = 1.300, p = 0.210) ([Figure 2](#fig2){ref-type="fig"}E). Although intuitively inconsistent, lack of territorial dominance of tube test dominant C57BL/6 males was also reported by others ([@bib36]). Furthermore, Run males exhibited no more aggression and agonistic behavior than Sed males in direct pairwise interactions in a cage novel for both and which allowed more contacts and space to attack and communicate social status than the tube test (offspring t(29) = 0.759, p = 0.454; litter t(8) = 0.516, p = 0.620) ([Figure 2](#fig2){ref-type="fig"}F). Although the concepts of dominance and aggression are often used interchangeably, aggression is just one form of dominance ([@bib64]; [@bib75]; [@bib65]; [@bib38]). Indeed, lack of correlation between tube test dominance, urine marking, and aggression was previously reported in laboratory mice ([@bib6]). Finally, Run and Sed males had similar affiliative behavior in the three-chamber social test ([@bib55]), indicated by their comparable preference for a caged male stranger over an empty cage (two-way ANOVA, Run versus Sed offspring F(1,46) = 0.0025, p = 0.960; Run versus Sed litter F(1,22) = 0.0180, p = 0.895) ([Figure 2](#fig2){ref-type="fig"}G). Taken together, these data are consistent with the multidimensional nature of dominance and indicate that the influence of maternal running on male social behavior is specific for direct interactions in the tube test.

Although social dominance is considered beneficial in animal societies, attaining high dominance rank may entail cost. Multiple studies, especially those conducted in the wild, demonstrate higher stress hormone levels in dominant individuals; albeit many other studies indicate increased endocrine stress response in subordinates ([@bib21]; [@bib64]). We found a more sustained elevation of plasma corticosterone levels in Run males to a 10-min restraint stress at 30 and 60 min poststress (two-way ANOVA, main effect of maternal running, F(1,40) = 10.84, p = 0.0021; Sidak\'s correction for multiple comparison, time 30 min ∗p = 0.018, time 60 min ∗p = 0.020) ([Figure 2](#fig2){ref-type="fig"}H). The increased neuroendocrine stress response of Run offspring, however, was not associated with increased innate fear/anxiety-like behavior in the elevated plus maze (EPM, offspring t(38) = 1.400, p = 0.310; litter t(11) = 1.411, p = 0.460) ([Figure 2](#fig2){ref-type="fig"}I). Their resilience to chronic stress was also not impaired, indicated by Sed-like open arm behavior (in the EPM), affiliative behavior, and sucrose consumption, following CSDS ([@bib7]) ([Figures S1](#mmc1){ref-type="supplementary-material"}A, S1B, and [S2](#mmc1){ref-type="supplementary-material"}). Of note, CSDS, as expected, increased anxiety-like behavior and reduced affiliative behavior in both Run and Sed mice, but had no effect on sucrose consumption presumably because we did not separate the groups of stress-sensitive and resilient individuals (the goal was to detect an overall effect on Run and Sed mice). Others reported similar results when animals were not segregated based on their vulnerability to stress ([@bib53]). Overall, the increased endocrine stress response of the Run offspring correlated with their tube test dominance and raised the possibility that it might support the dominance phenotype by promoting alertness and responsivity toward the environment.

Voluntary Wheel Running of Mothers during the Lactating Period Increases Offspring Reproductive Success {#sec2.2}
-------------------------------------------------------------------------------------------------------

Dominant males typically enjoy greater reproductive success/fitness ([@bib25]). Indeed, Run males sired more progeny than Sed males when co-housed in triads with Run females (chi-square test: Run ∗p = 0.046, Sed: p = 0.670) ([Figure 3](#fig3){ref-type="fig"}A). However, when the female in the triad was a Sed offspring (rather than Run), comparable numbers of pups were sired by Run and Sed males ([Figure 3](#fig3){ref-type="fig"}A), indicating that the increased reproductive success of Run males is manifested only when the females are also programmed by maternal running. The increase in reproductive success of Run males was not due to a post-copulatory paternity bias (i.e., sperm competition) ([@bib22]) because polyandrous females (31.25% of 32 females that mated with both Run and Sed males) had a similar number of pups sired by Run and Sed fathers (two-way ANOVA. main effect of father, F(3,32) = 0.520, p = 0.671) ([Figure 3](#fig3){ref-type="fig"}B). Additional evidence supporting the higher reproductive "quality" of Run males included the higher preference of females (either Run or Sed) for Run, relative to Sed, male urine odor in an olfactory discrimination test ([@bib39]); two-way ANOVA; time spent by females in compartments previously occupied by males; small dots individual offspring, F(1,42) = 4.377, ∗p = 0.0425, N = 11 (Run), 12 (Sed); large dots litter averages, F(1,12) = 5.601, ∗p = 0.0356, N = 4 (Run), 4 (Sed) ([Figure 3](#fig3){ref-type="fig"}C). Furthermore, in large arenas (4 m in diameter) Run males interacted with females (either Run or Sed) more frequently than Sed males, from ∼day 5, in parallel with the onset of estrus in the initially virgin females (two-way ANOVA, group effect, F(1,154) = 9.872, ∗p = 0.002; [Figure 3](#fig3){ref-type="fig"}D). In standard cages, because of their relatively small size, it was not possible to separate deliberate interactions from chance encounters, explaining the high proportion of time both Run and Sed males spent in close proximity to females (two-way ANOVA, group effect, F(1,105) = 0.777, p = 0.380) ([Figure 3](#fig3){ref-type="fig"}D).Figure 3Maternal Postpartum Running Increases Offspring Reproductive Fitness(A) Reproductive success of Run and Sed males (1 = father, 0 = not father) in triads with either Run (left; chi-squared test: ∗p = 0.046, N = 8 triads) or Sed females (right, p = 0.670, N = 11 triads). In a counterbalanced design, half of the males and females was Jackson, whereas the other half was Taconic, which allowed determining the Run or Sed paternity of offspring of Run and Sed mothers.(B) Maternal postpartum running does not influence postcopulatory male fitness. Polyandrous Run and Sed females (10 of 32 females) had a similar number of male and female pups sired by Run and Sed fathers. N = 6 (Run mother), 4 (Sed mother) triads, two-way ANOVA, group effect, F(3,32) = 0.5202, p = 0.6714.(C) Run and Sed females preferred Run, relative to Sed, male urine odor. Time spent by females in compartments previously occupied by males is measured. Two-way ANOVA. Small circles signify individual offspring, F(1,42) = 4.377, ∗p = 0.0425, N = 11 (Run), 12 (Sed). Large black circles denote litter averages, F(1,12) = 5.601, ∗p = 0.0356, N = 4 (Run), 4 (Sed).(D) Proportion of time spent by Run and Sed males in interaction with females across 7 days in large arenas and standard cages. Because of no statistical difference, data with Run and Sed females were combined. Two-way ANOVA; large arena, main group effect, F(1,154) = 9.872, ∗p = 0.002, N = 13 (Run), 14 (Sed). Two-way ANOVA; small cage, F(1,105) = 0.7773, p = 0.38, N = 9 (Run), 8 (Sed). Data represented as mean ± SEM.

Voluntary Wheel Running of Mothers during the Lactating Period Does Not Alter the Metabolic Fitness of the Offspring {#sec2.3}
--------------------------------------------------------------------------------------------------------------------

As certain attributes such as larger body size, physical fitness, and overall health have been proposed to contribute to male social dominance and reproductive success in several (but not all) studies ([@bib16]; [@bib18]; [@bib64]; [@bib34]), we measured a variety of physical and metabolic parameters in Run and Sed animals. We found no significant difference between adult Run and Sed males in total body mass, total body composition, food intake, heat generation, energy expenditure, O~2~ consumption, and CO~2~ production ([Table S1](#mmc1){ref-type="supplementary-material"}). These data indicate no overt reprogramming of offspring growth and metabolism by postpartum maternal running, which is in stark contrast with the changes in tube test dominance and reproductive success.

Social Dominance of the Run Offspring Is Associated with Increased Dendritic Arborization in the Prelimbic Region of the Prefrontal Cortex {#sec2.4}
------------------------------------------------------------------------------------------------------------------------------------------

As individuals with the highest and lowest rank within a social group have been reported to differ in synaptic strength in the area of the prelimbic (PL) region of the medial prefrontal cortex (mPFC)/anterior cingulate cortex ([@bib78]), and because connectivity in the mPFC undergoes significant changes during the early postnatal period, we tested if postnatal maternal running results in long-term structural changes in the offspring PL. We measured dendritic length and complexity in the PL of Run and Sed mice, selected randomly from groups of naive Run and Sed mice (i.e., not tested against each other in tube test). Mice were also not ranked for home cage social status in tube test because winning in a competition may alter synaptic strength in the mPFC ([@bib83]). Golgi-stained PL sections of Run and Sed mice showed layer-specific and rostrocaudal differences in dendritic length. Apical dendrites ([Figure 4](#fig4){ref-type="fig"}A) of layer II/III neurons had increased length at the rostral (dorsal) but not caudal (ventral) PL of Run mice (two-way ANOVA, group × length effect, F(9,60) = 14.99, p \< 0.0001; Tukey\'s correction for multiple comparisons, rostral 0--150 μm: ∗p \< 0.0001) ([Figure 4](#fig4){ref-type="fig"}B). In contrast, apical dendrites of layer V neurons had increased length at the caudal but not rostral PL of Run mice (two-way ANOVA, group × length effect, F(9,60) = 14.99, p \< 0.0001; caudal 330--450 μm: ∗p = 0.010) ([Figure 4](#fig4){ref-type="fig"}C). Maternal running had no effect on basal dendrites (not shown). The layer and subregion specificity of dendritic alterations in Run mice may reflect the sensitivity of these neurons and/or the involvement of their connected network to maternal programming.Figure 4Social Dominance of Run Offspring Is Associated with Increased Dendritic Arborization in the PL(A) Schematic for neuronal tracing by Neurolucida to determine dendritic length in concentric areas from the cell body.(B and C) Increased length of apical dendrites of rostral layer II/III (B) (two-way ANOVA, post-hoc, Tukey\'s correction for multiple comparison, ∗p \< 0.0001) and caudal layer V (C) (two-way ANOVA, post-hoc, Tukey\'s correction for multiple comparison, ∗p = 0.010) neurons in Run, relative to Sed male mice. N = 6 (Run), 6 (Sed). Data represented as mean ± SEM.

Cytokines in Milk Contribute to the Maternal Programming of Social Dominance {#sec2.5}
----------------------------------------------------------------------------

Next, we worked toward specifying the mechanism underlying the maternal physical activity-dependent programming of offspring dominance. As we found no significant change in daily overall maternal care during postpartum running ([Figure 1](#fig1){ref-type="fig"}B), we explored the possibility that increased postpartum physical activity alters the maternal, and then the offspring, microbiota, which in turn programs the offspring brain. However, analysis of maternal fecal microbiota at the time of weaning showed that postpartum running had no major effect on the relative abundance of gut microbial genera ([Figure S3](#mmc1){ref-type="supplementary-material"}A). The Run fecal microbiota at P14, P21, and in adulthood were not different from those of Sed either ([Figures S3](#mmc1){ref-type="supplementary-material"}B--S3D). These data indicate that programming of social dominance is unlikely mediated by the maternal or offspring microbiota.

Another way of mother-offspring communication during the postnatal period is via milk bioactive substances. Because production of gastric acid and pancreatic proteases is delayed in neonates ([@bib10]), maternal cytokines, like maternal IgG, lactoferrin, and soluble Cd14 ([@bib63]; [@bib60]; [@bib10]), could reach the offspring\'s upper digestive system in biologically relevant concentrations. As the programming effect of milk of runner mothers could not be tested directly because of the very high mortality rate of pups fed with milk collected from running and sedentary mothers, we first assayed milk samples for possible running-induced changes in biologically active substances. We tested postpartum day 10 milk because the volume of milk collected at earlier time points (e.g., postpartum day 5--6) was insufficient for immunoassays. Milk samples collected at later time points (e.g., postpartum day 14) contain reduced levels of cytokines as pups gradually switch from milk to solid food. By measuring 38 bioactive molecules, mostly cytokines, by Luminex multiplex immunoassay (Mouse InflammationMAP, Myriad RBM), we detected significantly lower levels of LIF (leukocyte inhibitory factor, 3.6 fold reduction), CXCL1 (KC/GRO, 7.6 fold), and CXCL2 (MIP2 alpha, 9.0 fold) in running, relative to sedentary, mother\'s milk (multiple t tests with FDR \[Q = 1%\] LIF q = 9.04 × 10^−6^; CXCL1 q = 4.8 × 10^−5^; CXCL2: q = 2.2 × 10^−6^) ([Figure 5](#fig5){ref-type="fig"}A). These data suggest that maternal running modulates the expression of specific cytokines in milk immune cells and/or mammary epithelial cells.Figure 5Milk Cytokines Program Tube Test Dominance(A) Select cytokines in maternal milk contribute to programming offspring tube test dominance. Maternal postpartum running resulted in changes in milk cytokine levels. Twenty-three bioactive compounds detected in all 5 samples per group (Run IFNg in 4 samples), of the total 38 tested, were included in the analysis (multiple t tests with FDR Q = 1% based on 2-stage step-up method of Benjamini, Krieger, and Yekutieli, N = 5 running mothers, 5 sedentary mothers; LIF ∗q = 9.04 × 10^−6^; CXCL1 ∗q = 4.8 × 10^−5^; CXCL2: ∗q = 2.2 × 10^−6^).(B) Supplementation of low milk LIF and CXCL1/2 levels of running mothers by the direct administration of a cytokine cocktail to P2 to P14 pups (i.e., Run^CC^ offspring) reversed the social dominance of Run mice in the tube test, apparent by their subordination in direct competition with control RUN^BSA^ offspring. The three cytokines were delivered by daily oral gavage (0.8 ng LIF/g pup weight, 7.8 ng CXCL1/g, and 0.25 ng CXCL2/g). CXCL1/2 or LIF alone was insufficient to reverse dominance. Small circles signify individual offspring, One-way ANOVA, Tukey\'s multiple comparison, Run^BSA^ versus Run^CC^ p = 0.060, Run^BSA^ versus Run^CXCL1/2^ p = 0.993, Run^BSA^ versus Run^LIF^ p = 0.999. N = 12 (Run^BSA^), 10 (Run^CC^), 7 (Run^CXCL1/2^), 7 (Run^LIF^). Large black circles denote litter averages; Run^BSA^ versus Run^CC^ ∗p = 0.0087, Run^BSA^ versus Run^CXCL1/2^ p \> 0.990, Run^BSA^ versus Run^LIF^ p \> 0.950. N = 6 (Run^BSA^), 5 (Run^CC^), 3 (Run^CXCL1/2^), 3 (Run^LIF^).(C--E) No effect of gavage and gavaged cytokine cocktail on general behaviors in adults including locomotor activity (one-way ANOVA, F(3,31) = 1.050, p = 0.384) (C); spatial memory in the Morris water maze (two-way ANOVA Target versus Nontarget, F(1,37) = 78.87, ∗p \< 0.0001; Sidak\'s multiple comparison test Target versus Nontarget; ∗p \< 0.0001, p = 0.0006, p = 0.0006, and p = 0.0061 for Run^BSA^, Run^CC^, Run, and Sed, respectively); (D) and anxiety-like behavior in the elevated plus maze (ANOVA F(3,26) = 1.107, p = 0.364). (E) In the anxiety assay, the single high value in the Run^BSA^ group met exclusion criteria, but even after exclusion the difference between groups remained not significant. Data represented as mean ± SEM.(F) Model of cytokine-mediated lactocrine programming of offspring behavior.

Next, we asked if running-induced milk cytokine changes are directly linked to the maternally programmed dominance behavior. We counteracted the running-induced reductions in milk LIF, CXCL1, and CXCL2 by cytokine supplementation of Run pups, using a recombinant cytokine cocktail (i.e., Run^CC^ offspring). The cytokine cocktail was delivered via daily oral gavage from postnatal day 2--14. The delivered amounts of cytokines were calculated daily from the volume of milk consumed by the offspring (∼0.1 mL milk per g pup weight) and the concentration of the cytokine in the milk ([Figure 5](#fig5){ref-type="fig"}A). Control Run offspring received BSA by gavage (Run^BSA^ offspring). Pup weights in the cytokine and control groups were comparable through the gavage period. Supplementation of Run offspring with LIF and CXCL1/2 during the postpartum period resulted in loss of dominance (i.e., subordination of Run^CC^ mice) in competition with control offspring (Run^BSA^ mice) in tube test (one-way ANOVA, offspring F(3,32) = 3.363, p = 0.031; litter F(3,13) = 6.154, p = 0.0078, Tukey\'s multiple comparison Run^BSA^ versus Run^CC^ litter ∗p = 0.0087) ([Figure 5](#fig5){ref-type="fig"}B). Sed mice were not used in these experiments because subordinate (Sed) mice cannot be programmed more subordinate and because the goal was to reverse running-induced low levels, rather than to increase already high cytokine levels to a non-physiological range. Supplementation with LIF and CXCL1/2 separately was not sufficient to reverse the Run\'s dominance phenotype ([Figure 5](#fig5){ref-type="fig"}B), indicating that milk LIF and CXCL1/2 changes together drive maternal programming of social dominance. Locomotor activity, spatial memory as measured in the Morris water maze, and anxiety-like behavior in the EPM were not altered by the administration of BSA and cytokine cocktail, indicating that the gavage procedure and the administered proteins did not impact adult behavior in cognitive and emotional domains tested in our experiments ([Figures 5](#fig5){ref-type="fig"}C--5E). Overall, these experiments linked postpartum running-induced changes in milk LIF and CXCL1/2 levels to alterations in offspring tube test social dominance ([Figure 5](#fig5){ref-type="fig"}F). We concluded that the social dominance of the Run offspring is due, at least partly, to activity/running-induced alterations in specific maternal milk cytokines.

Discussion {#sec3}
==========

Although the structure and dynamics of social hierarchies have been extensively studied across many species ([@bib77]; [@bib68]), it is unknown why a particular individual, even in a genetically homogeneous group of animals and under controlled laboratory conditions, reaches the top of social hierarchy, whereas others become subordinates ([@bib78]; [@bib44]). Intuitively, larger body size and physical fitness may predispose an individual for dominance, but this correlation is not consistent across studies and species ([@bib16]; [@bib18]; [@bib64]; [@bib34]). Here we report that an individual can be programmed during early postnatal life to become dominant over competitors, which is not associated with higher body mass or other physical and metabolic traits. Most Run males are dominant over Sed males, regardless of their social rank in their own group, indicating that maternally programmed dominance is more robust than that established during group housing in a hierarchical system.

The effect of maternal postpartum running was specific to tube test dominance, as territorial dominance and direct agonistic/aggressive interactions were not affected. Similar to these data, tube test dominant C57BL/6 males exhibited no territorial dominance over paired-housed (familiar) subordinates ([@bib36]). However, exposure to female odor, right before the urine test, unraveled the correlation between tube and urine marking dominance ([@bib36]). Neither of these conditions was present in our experiment as we used stranger mice with no prior experience of the other\'s rank and used no female odor before the urine test. In contrast to these data, Wang et al. reported correlation between tube and urine marking dominance (without prior exposure to female odor) in the same strain of mice ([@bib78]). This discrepancy could be explained by differences in experimental design. Although both the Hou et al. and Wang et al. articles reported data with familiar mice, the former tested individuals once, whereas the latter tested them multiple times in a round-robin design. The significance of this difference is that prior winning has a strong positive influence on the outcome of consecutive competitions ([@bib74]). Furthermore, whereas the Hou (as well as our) analysis included all pairs, the Wang report excluded pairs with no obvious difference in urine marks between the two competitors. Overall, these data suggest that territorial marking behavior is relatively insensitive to tube test dominance rank and that either prior female odor exposure or repeated tests are required to increase its sensitivity. This interpretation is also consistent with additional reports that found no correlation between tube test and territorial marking ([@bib6]).

Although instinctively dominance is a categorical concept, it is more likely that it is a multidimensional phenomenon, controlled by different, although interacting, circuits within the large and complex social decision/behavioral network ([@bib56]). Indeed, largely separate neuronal circuits are associated with the various forms of dominance behaviors. Tube test dominance has been linked to the activation of layer V pyramidal neurons in the mPFC projecting to the limbic system, and specifically, to increased glutamatergic transmission within this circuit ([@bib78]). Indeed, we found increased dendritic length not only in layer V pyramidal neurons but also in layer II/III cells, a possible indication for increased connectivity in both layers. Layer II pyramidal neurons have cortico-cortico connections and receive long-range excitatory inputs from the midline thalamus, contralateral mPFC, basolateral amygdala, and ventral hippocampus ([@bib45]). In contrast to the involvement of mPFC in tube test dominance, territorial micturition is mediated by a cluster of neurons expressing corticotropin-releasing hormone in the pontine micturition center that send glutamatergic projections to the spinal cord ([@bib36]). Finally, the ventrolateral part of the ventromedial hypothalamus is a key region driving inter-male aggression ([@bib2]). In contrast to the brainstem and hypothalamus, mPFC undergoes significant postnatal developmental changes and its synaptic organization can be disrupted by environmental manipulations during the suckling period ([@bib70]); thus the postnatal plasticity of mPFC might explain why maternal running during lactation primarily programs tube test dominance.

In addition to the tube test dominance, Run males exhibited increased reproductive fitness in seminatural environment and in direct competition with Sed males. Although reproductive fitness, due to its complexity, is less frequently measured in laboratory dominance studies, it is considered to be the most ecologically relevant measure of dominance in mice. The tube test and reproductive fitness paradigms complement each other and together strengthen the notion that maternal postpartum physical activity increases male dominance.

Our data link a set of breastmilk cytokines to increased offspring social dominance. Although no human manipulation can match the natural "delivery" of maternal cytokines via milk, our approach of cytokine supplementation during early postnatal life achieved the reversal of a specific behavior (tube test dominance) that was programmed by maternal exercise, with the combined, but not individual cytokines, while causing no overt changes in development and behaviors (that were not altered by maternal exercise either).

The effect of maternal postpartum running on offspring dominance behavior was male specific because we found no difference in tube test dominance between unfamiliar Run and Sed females. However, Run females may be "dominant" over familiar Sed females in more naturalistic environment as Run males achieved increased reproductive fitness only with Run females. Although we found no difference in tube test dominance between unfamiliar females, group-housed females establish dominance hierarchy as measured by repeated tube tests (i.e., round-robin design) ([@bib74]). Nevertheless, males and females attain dominance status via different mechanisms ([@bib74]). Male dominance is strongly influenced by the outcomes of prior competitive encounters, whereas female dominance is based upon stable differences in the intrinsic attributes of individuals within a social group ([@bib83]). The male-specific mechanism is testosterone dependent as males null for the sex-determining region Y gene (*Sry*) or castrated males are female-like, whereas females with transgenic expression of SRY or females supplemented with testosterone are male-like in attaining dominance ([@bib74]). Therefore, one possibility is that maternal cytokines and their downstream pathway interact with the effect of male-specific sex hormones on programming tube test dominance. Alternatively, males may be more responsive to maternal cytokines (i.e., to increased cytokine levels in sedentary mother\'s milk) during the early postnatal period as more pronounced immune reactivity was reported in developing males than females ([@bib14]; [@bib67]).

An ecological interpretation of these findings is that physical activity and competition for limited resources are part of life in the wild, and that evolution adapted milk-borne cytokines as a maternal signaling mechanism to optimize, in the given environment, the social dominance and reproductive success of the offspring. However, programming dominance is dependent on maternal physical activity (i.e., fitness), and lack of physical activity in a laboratory setting, or possibly in the wild because of disease or an adverse environment, disrupts this programming mechanism, resulting in submissiveness and reduced reproductive success of the offspring (i.e., a negative selection for the maternal lineage). It remains to be determined if variability in certain milk cytokines in human, due to maternal genetics or lifestyle, leads to variability in social dominance (i.e., prosocial behavior, coalition building, confidence and boldness) in their children.

Limitations of the Study {#sec3.1}
------------------------

We do not currently know how the effects of milk cytokines reach the developing brain and program adult social dominance. However, CXCR2, the receptor for CXCL1/2 was reported to be expressed in the epithelium of the esophagus ([@bib49]) and in neuroendocrine cells in the stomach and small intestine ([@bib71]). These cells are in direct contact at their apical surface with milk and could transmit milk-borne cytokine signals to vagal afferents that terminate near the epithelia. Indeed, vagal afferents readily respond to luminal stimuli ([@bib11]; [@bib8]). Alternatively, mucosal immune cells may respond to milk cytokines and reach the brain. Various peripheral immune cells, including CD4/8 T cells, monocytes, macrophages, and dendritic cells, have been shown to infiltrate the meninges, choroid plexus, and parenchyma in physiological conditions ([@bib61]; [@bib42]). These or other gut-brain mechanisms should be tested in future work.
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